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ABSTRACT: There is significant interest globally in harnessing our ocean wave energy resource, estimated at approximately
30,000 TWh/year. The key to this is understanding the resource. The International Electrotechnical Commission (IEC) has
developed a technical specification for the evaluation of wave energy resource, IEC-TS 62600- 101: Wave energy resource
assessment and characterization. This research applies the IEC standard for a resource characterization study of the Atlantic
Marine Energy Test Site on the west coast of Ireland. A key focus is the comparison of the detailed IEC validation approach
using scatter diagrams with the traditional timeseries validation approach. Coarse (0.005°) and fine (0.0027°) resolution models
of the site were used to produce 10 years of modelled wave data which were then used in the characterization. The IEC-62600101 standard is a useful document especially for project or device developers and proposes a series of recommendations to
develop a standard methodology with the aim of ensuring consistency and accuracy in wave resource characterization.
KEY WORDS: Wave model, AMETS, SWAN, IEC 62600:101, wave resource characterization.
1

INTRODUCTION

In recent years, substantial research effort has been
focussed on how to obtain energy from renewable sources
to alleviate our over-reliance on fossil fuels. Wave energy
is of particular interest, not least because it has the second
largest potential of all renewable energy sources [1,2].
Obtaining sustainable electricity from waves offers
immense opportunities to areas endowed with such
resources and this work is oriented towards addressing this
challenge.
Studies estimate the total global theoretical potential of
wave energy resources to be about 29,500 TWh/year [3]
and up to 10-20% of this can be successfully exploited [47].
For the harnessing of wave energy potential, it is
necessary to evaluate the characteristics of the wave
resource, e.g. the frequency of occurrence of different wave
conditions. This can be done by analysing measured data or
data predicted using numerical models. Various numerical
wave models such as WW3 (Wave watch III), WAM
(Wave Modelling), MIKE21 SW (Spectral Waves) and
SWAN (Simulated Waves Nearshore) have been
developed.
Many researchers have conducted wave characterization
studies (e.g. [8]) but different approaches have been used,
for example regarding the amount of data required, the
criteria and procedures for determining the accuracy of
modelled/measured data, and the types of data analyses and
presentation of results. Some studies have made
recommendations regarding the best approaches, e.g. the
evaluation should cover at least 90% of the available
energy [9] and seasonal variability should be evaluated [1013]. In order to ensure the uniformity and precision of

approaches, the International Electrotechnical Commission
(IEC) has recently developed a standard for the
characterization of wave resources: IEC-TS 62600: Marine
Energy - Wave, tidal and other water current converters,
Part 101: Wave energy resource assessment and
characterization [14]. The standard presents a series of
recommendations for standardizing wave resource
characterization. This paper seeks to assess the fitness-foruse of IEC 62600:101 by applying it to a case study site the Atlantic Marine Energy Test Site. A wave resource
characterization for this site has previously been conducted
[15] but did not use the IEC 62600:101 standard. One of
the most important aspects of the standard, and a particular
focus of this paper, is the approach recommended for
model validation. The IEC standard recommends an
approach using scatter tables to compare the accuracy of
modeled and measured values of similar magnitudes while
the traditional method of validation simply requires a
comparison of modeled and measured timeseries
The wave power level of Ireland’s west coast varies
between 53-76 kW/m annually [16] making it one of the
most energetic wave climates in the world [17]. The
Atlantic Marine Energy Test Site (AMETS) was therefore
used as a case study to apply the IEC 62600: 101 standard.
For this purpose, a numerical model was developed using
the spectral wave model SWAN (Simulating Waves
Nearshore) [18] to produce wave data for a wave resource
characterization conducted according to IEC standard.
The remainder of the paper is structured as follows:
Section 2 presents the main characteristics of IEC
62600:101, Section 3 describes the application of the
standard, Section 4 presents the description of the SWAN
model and Section 5 shows a sample of the results from the
wave resource characterization.
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2

IEC STANDARD FOR WAVE ENERGY RESOURCE
ASSESSMENT AND CHARACTERIZATION

IEC 62600: 101 offers, on the one hand, a series of
methodologies that ensure consistency and accuracy in
estimating, measuring and analyzing wave energy
resources at sites that are targeted for the placement of
WECs (Wave Energy Converters) and, on the other hand,
methodologies with which the resource of the site can be
described.
The main purpose of the standard is to allow users to
generate the resource information required to estimate
energy production. It is intended for several types of users,
for example project developers, device developers,
utilities/investors, planners etc. [14].
2.1.

Data requirements

The data analysis uses irregular sea state data to
characterize the parameters that are relevant to the
performance of wave energy converters. Of primary
importance is an estimate of the mean non-directional
energy flux per unit width, or wave power. If no directional
information is available then directionally resolved power
and associated parameters are omitted from the wave
resource assessment. A minimum of 10 years of sea state
data is required, generated with a minimum frequency of 1
data set every 3h.
2.2.

Numerical modelling approach

Three distinct types of studies are defined in the IEC
standard as indicated in Table 1. Class 1 (reconnaissance)
studies are typically conducted at low to medium
resolution, span a relatively large area, and produce
estimates with considerable uncertainty. Class 2 (resource
assessment) and Class 3 (design) studies are conducted to
investigate the feasibility of one or more potential sites or
to support the design of a specific project and will normally
focus on smaller areas, employ greater resolution and
generate more certain estimates of the wave energy
resource. Based on the class of the resource assessment, the
model setup requirements vary especially for the domain
extents and resolution and the specification of input data
(bathymetric and wind data) for development of the model.
Table 1. Classes of resource assessment
Class

Description

Class 1
Class 2
Class 3

Reconnaissance
Feasibility
Design

Uncertainty
for wave
energy
High
Medium
Low

Long-shore
extent
> 300km
20 – 500 km
< 25 km

Model boundary conditions can be separated intro three
types: (i) Parametric boundary defined by parameters such
as Hm0 (significant wave height), Te (energy period), θJmax
(direction of the maximum directionally resolved wave
power), s (directional spreading parameter), (ii) Hybrid
boundary defined by wave spectrum with parametric
directional parameters, and the last one (iii) Spectral
boundary defined by directional wave spectrum. Parametric
boundary specification is only accepted for class 1 studies,
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the hybrid boundaries are accepted for Class 1 and 2, while
spectral boundaries are recommended for all three classes.
The standard also makes recommendations regarding the
physical processes (components) and numerics to be
included in the wave model. These are summarized in
Table 2 and again depend on the class of the
characterization study.
Table 2. Physical and numeric processes for numerical
models
Component
Class 1 Class 2 Class 3



Wind-wave growth



Whitecapping



Quadruplet interactions


Wave breaking
○


Bottom friction
○


Triad interactions
○



Diffraction



Refraction



Effects of sea-Ice



Water level variation



Wave-current interaction
Wave set-up
○
○
○
Numerics


Parametric wave model
○
2nd generation spectral

○
○
model
rd
3 generation spectral
*
*
*
model
Mild-slope wave model
○
○
○

Spherical coordinates
○
○
Non-stationary solution
○
○
○
Min. spatial resolution
5 km
500 m
50 m
Min. temporal resolution
3h
3h
1h
Min. num. wave frequency
25
25
25
Min. num. azimuthal
24
36
48
direction
Required, *Recommended, ○Acceptable, Not permitted.
2.3.

Model Validation

To provide confidence in a resource assessment, it is
crucial that the wave model can accurately predict the wave
resource. This ability must be assessed and confirmed and
is traditionally done by comparison of modelled and
measured timeseries. The IEC 62600:101 proposes a more
rigorous validation procedure based on scatter tables. The
model output should be validated, if possible, using data
from one or more locations close to the site where the
WECs (Wave Energy Converters) are to be deployed. The
standard recommends a validation period of at least one
year with a monthly return rate of recorded data exceeding
70% .
The modeled and measured validation data are used to
construct two omni-directional Hm0-Te scatter tables
showing the proportional frequency of occurrence of
different sea states. The validation procedure is based on
calculation of the model error by considering the data in
each scatter table cell. To minimize the potential for
correlation of error within a cell, validation data points
within a single cell of the scatter table shall be derived from
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measurements separated by a minimum time period. A
minimum separation period of 6 h is recommended.
For each represented cell, the normalized error between
measured and modelled values of parameter p are
calculated using the equation:
𝑒𝑒𝑝𝑝 = �

|(𝑝𝑝𝑀𝑀1 − 𝑝𝑝𝐷𝐷1 |/𝑝𝑝𝐷𝐷1
�
|(𝑝𝑝𝑀𝑀𝑀𝑀 − 𝑝𝑝𝐷𝐷𝐷𝐷 |/𝑝𝑝𝐷𝐷𝐷𝐷

(1)

where 𝑝𝑝𝑀𝑀𝑀𝑀 and 𝑝𝑝𝐷𝐷𝐷𝐷 are values at coincident time-steps 𝑡𝑡𝑘𝑘
for 𝑘𝑘 = 1 … 𝑛𝑛, corresponding to the measured and modelled
parameter. The next step separates this error into a
systematic error, 𝜇𝜇𝑖𝑖𝑖𝑖 (𝑒𝑒𝑝𝑝 ), and a random error, 𝜎𝜎𝑖𝑖𝑖𝑖 (𝑒𝑒𝑝𝑝 ),
defined as the mean and standard deviation of the errors in
cell i,j, respectively.
The significance of the errors in each cell is related to
their influence on the estimation of energy availability and
production by the weighting factor, 𝑤𝑤𝑖𝑖𝑖𝑖 , computed as:
𝑤𝑤𝑖𝑖𝑖𝑖 = 𝐽𝐽𝑖𝑖𝑖𝑖 𝑓𝑓𝑖𝑖𝑖𝑖 ,

(2)

where 𝐽𝐽𝑖𝑖𝑖𝑖 is the mean incident wave power of the cell i,j
and 𝑓𝑓𝑖𝑖𝑖𝑖 is the proportional frequency of occurrence of that
wave power. The standard sets out requirements for the
minimum number of validation data points in a validation
cell i,j (Table 3) and where this is not met, then 𝑓𝑓𝑖𝑖𝑖𝑖 must to
be set to zero.

Table 3 presents the recommended maximum acceptable
weighted mean systematic and random errors for each key
wave parameter depending on the class of assessment.
3 CASE STUDY – WEST COAST OF IRELAND
Ireland is one of the countries where there is a major
interest in wave energy, primarily due to its large available
resource off its west coast in the Atlantic Ocean [19-20].
As a result, they have developed a suite of WEC testing
infrastructure for devices of different scales.
The Atlantic Marine Energy Testing Site (AMETS) at
Belmullet (9.991E, 54.225N) (see Figure 1) is being
developed by the Irish Sustainable Energy Authority
(SEAI) to facilitate the testing of full-scale wave energy
converters in an open ocean environment. AMETS is
located off the north-west coast where the wave resource is
characterized by variable weather conditions from the
Atlantic [21] and by local geography and bathymetry [22].
Annual wave power close to the AMETS location is in the
region of 70 kW/m/year [16]. Thus, it can be said that
AMETS is an area with high wave power resources.

Table 3. Minimum validation recommendations

Class 1 Class 2 Class 3

Data coverage requirements
Min. num. of cell data points
Min. coverage
Max. acceptable 𝒃𝒃�𝒆𝒆𝒑𝒑 �
Significant wave height, Hm0
Energy period, Te
Omni-directional wave power, J
Dir. Of Max. Dir. Resolved
power, θJmax
Spectral width, ε0
Directionality coefficient, d
Max. acceptable, 𝝈𝝈�𝒆𝒆𝒑𝒑 �
Significant wave height, Hm0
Energy period, Te
Omni-directional wave power, J
Dir. Of Max. Dir. Resolved
power, θJmax
Spectral width, ε0
Directionality coefficient, d

3
90%

5
90%

5
95%

10%
10%
25%

5%
5%
12%

2%
2%
5%

-

10°

5°

-

12%
12%

5%
5%

15%
15%
35%

10%
10%
25%

7%
7%
20%

-

15°

10°

-

25%
25%

15%
15%

Finally, the weighting matrix is normalized such that its
sum is unity, as:
𝑤𝑤
�𝚤𝚤𝚤𝚤 = ∑

𝑤𝑤𝑖𝑖𝑖𝑖

𝑖𝑖,𝑗𝑗 𝑤𝑤𝑖𝑖𝑖𝑖

,

(3)

and the weighted mean error 𝑏𝑏(𝑒𝑒𝑝𝑝 ) and systematic error
𝜎𝜎(𝑒𝑒𝑝𝑝 ) will be calculated using the following equations:
𝑏𝑏�𝑒𝑒𝑝𝑝 � = ∑𝑖𝑖,𝑗𝑗 𝑤𝑤
�𝚤𝚤𝚤𝚤 𝜇𝜇𝑖𝑖𝑖𝑖 , ,
𝜎𝜎�𝑒𝑒𝑝𝑝 � = ∑𝑖𝑖,𝑗𝑗 𝑤𝑤
�𝚤𝚤𝚤𝚤 𝜎𝜎𝑖𝑖𝑖𝑖 .

(4)
(5)

Figure 1. AMETS location and wave buoy locations [22]
The site comprises two deployment berths: Berth A
(BA), approximately 16 km offshore, 100 m water depth
and covering 6.9 km2, and Berth B (BB), approximately 6
km offshore, 50 m water depth and covering 1.5 km2.
4

MODEL DESCRIPTION

A wave modelling system was developed to simulate the
wave conditions at AMETS using the SWAN gridded wave
model. The spectral wave model, SWAN, is a thirdgeneration wave model developed by Delft University of
Technology [18]. The model is based on the wave action
balance equation (or energy balance in the absence of
currents):
𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑆𝑆𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑛𝑛𝑛𝑛3 + 𝑆𝑆𝑛𝑛𝑛𝑛4 + 𝑆𝑆𝑑𝑑𝑑𝑑,𝑤𝑤 + 𝑆𝑆𝑑𝑑𝑑𝑑,𝑏𝑏 + 𝑆𝑆𝑑𝑑𝑑𝑑,𝑏𝑏𝑏𝑏 , (6)

where 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 is the source or sink term that represents all
physical processes which generate, dissipate or redistribute
wave energy, 𝑆𝑆𝑖𝑖𝑖𝑖 represents the wave growth by wind,
𝑆𝑆𝑛𝑛𝑛𝑛3 , 𝑆𝑆𝑛𝑛𝑛𝑛4 represent the nonlinear transfer of wave energy
through three-wave (triads) and four-wave (quadruplets)
interactions and 𝑆𝑆𝑑𝑑𝑑𝑑,𝑤𝑤 , 𝑆𝑆𝑑𝑑𝑑𝑑,𝑏𝑏 , 𝑆𝑆𝑑𝑑𝑑𝑑,𝑏𝑏𝑏𝑏 refer to wave decay due
to whitecapping, bottom friction and depth-induced wave
breaking.
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A nested methodology was employed where a regional
coarse domain, the coarse Ireland model (CI), covers a
large area of the north-eastern Atlantic Ocean at a
resolution of 0.05° and a local fine resolution domain, the
AMETS model, covers Berths A and B of the AMETS site
at a resolution of 0.0027° (approximately 300m). The CI
domain has extents of 20°W to 3°W and 50°N to 59°N
while the AMETS domain has extents of 11.05°W to
9.70°W and 53.95°N to 54.65°N (see Figure 1).
The ocean boundary conditions for the coarse model
were obtained freely from a WaveWatch-III (WW3) global
wave model developed by U.S Navy Fleet Numerical
Meteorology and Oceanography Center (FNMOC) [24] at 6
hourly time resolution and bathymetry was retrieved from
ETOPO1 at 1° resolution [25,26] and from INFOMAR at
300 m resolution [27]. Atmospheric boundary conditions
were obtained from the European Centre for MediumRange Weather Forecasts (ECMWF) at 0.5° spatial
resolution for the coarse model and 0.125° for the AMETS
model, both with 6 hourly time resolution.
5

to note that the IEC: 62600(101) is a first edition and so is
still provisional; it is expected that future editions may
contain revisions to the validation criteria based on the
feedback from test studies [28]. Based on the IEC
validation results, the models managed to replicate wave
conditions at Berth A to a similar degree of accuracy
although the errors were actually slightly higher for the
AMETS model, but the accuracy of the AMETS model at
Berth B was noticeably better. This agreed with the
findings of the traditional validation approach.
(a)

(b)

RESULTS

5.1 Model validation
The models were validated for a period of one year (1st
January-31st December 2013) using 30 min measured wave
data from the buoys operated by Marine Institute at Berths
A and B at AMETS (Figure 2). Validation was conducted
using the traditional timeseries comparison method and
using the IEC scatter table approach. For IEC validation,
the CI model was considered a class 1 model and the high
resolution AMETS model was considered a class 2 model.
The corresponding validation criteria from Table 3 were
then applied.
Following the traditional approach, the root mean square
error (RMSE), scatter index (SI), bias and standard
deviation were the statistical parameters used to assess the
accuracy of the model. The results are summarized in Table
4 for significant wave height (Hs), energy period (Te) and
omni-directional wave power (J) for both the CI and
AMETS models. The results from the AMETS model (e.g.
RMSE = 0.6 m, BIAS = -0.15 m for Hs) indicate a
satisfactory level of accuracy for a wave model. While the
statistics for the CI and AMETS models were similar at
Berth A which is 16 km offshore, they were much better for
the AMETS model at Berth B which is only 6 km offshore
and in shallower water and therefore benefits from the
higher resolution of the AMETS model
For the IEC scatter table procedure, scatters tables were
computed using bin intervals of 0.5 m and 1 s for Hs and
Te, respectively. The weighted mean and systematic errors
calculated for both models are shown in Table 5 and are
expressed in percentages.
Table 5 shows good agreement between the computed
errors and the recommended values for the two classes.
Some exceedances of the recommended values are present,
but only for the Class II criteria for σ(ep) for Hs and wave
power (J), but the values are not overly high. It is important
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(c)

Figure 2. Comparison between measured and modelled data
at BA buoy for (a) Significant wave height, Hs(m), (b)
Energy period, Te(s) and (c) Wave power, J(kW/m) (Jan.Dec. 2013)
Table 4. Summary of CI and AMETS models validation
with measured values (2013) – traditional validation
Wave
Berth A
Hs(m)
Te (s)
J (kW/m)
Berth B
Hs(m)
Te (s)
J (kW/m)

RMSE

SI

BIAS

STD

CI
AMETS
CI
AMETS
CI
AMETS

0.56
0.60
1.03
1.03
33.05
33.43

0.18
0.20
0.12
0.12
0.50
0.50

0.03
-0.10
-0.06
-0.04
3.82
-0.90

1.83
1.83
1.87
1.87
105.70
105.70

CI
AMETS
CI
AMETS
CI
AMETS

0.77
0.59
1.31
1.05
47.44
31.77

0.27
0.21
0.15
0.12
0.79
0.53

0.42
-0.15
-0.43
-0.01
16.44
-3.73

1.81
1.81
1.83
1.83
94.22
94.22
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Table 5. Summary of CI and AMETS models validation
with measured values (2013) – IEC validation
Wave
parameter

CI Model

b(ep)
(%)
σ(ep)
(%)

Coverage
Hs(m)
Te (s)
J (kW/m)
Hs(m)
Te (s)
J (kW/m)

AMETS Model

b(ep)
(%)
σ(ep)
(%)

Coverage
Hs(m)
Te (s)
J (kW/m)
Hs(m)
Te (s)
J (kW/m)

IEC
62600:101
Class 1
90.0
10.0
10.0
25.0
15.0
15.0
35.0
Class 2
90.0
5.0
5.0
12.0
10.0
10.0
25.0

BA

BB

99.5
-3.5
2.5
-2.0
10.9
6.0
24.6

99.3
-8.1
5.5
-9.2
8.0
5.8
18.1

98.9
-0.4
2.6
4.3
11.7
5.8
26.7

98.6
1.7
2.7
8.6
12.3
6.0
28.4

–

Figure 3. Scatter table of Hs versus Te for 10 years of data
at Berth A, AMETS

5.2 Resource assessment
Following the validation, the models were used to create
a complete characterization of the resource, according to
IEC standards using 10 years of hourly modelled data from
January 2005 – December 2014. Only a selection of results
from the full characterization are presented here due to
space limitations.
The 10-year scatter tables showing the proportional
frequency of occurrence of sea states, parametrized in terms
of the significant wave height, Hs, and energy period, Te,
produced from the local-scale AMETS model are shown in
Figures 3 and 4 for Berths A and B, respectively. The
dimensions of each bin of the scatter tables were set to 0.5
m and 1 s for Hs and Te, respectively. It can be observed
that the most commonly occurring sea states are where Hs
ranges from 1 to 4 m and Te ranges from 6 to 10 s; these
account for 55.85% and 58.15% of occurrences for Berth A
and B, respectively. Due to the relatively close proximity of
the sites, the analyses are quite similar for both sites. The
10-year average values of Hs were 3.2 m at BA and 2.9 m
BB. Also, the average annual values for Hs at Berth A
varied between 2.7 - 3.6 m while at Berth A the values
ranged between 2.5 - 3.3 m, demonstrating significant interannual variability of the resource.
Figure 5 shows the average annual and monthly
cumulative distributions of omni-directional wave power at
BA. As would be expected, there is significant monthly,
and particularly seasonal, variation in wave power
availability. The 50- and 90-percentile wave power values
in July are 11.55 kW/m and 46.01 kW/m, respectively,
compared to 94.79 kW/m and 311.57 kW/m in January.
Finally, Figure 6 shows the wave power rose again at BA
for 10 years with bins of 22.5° and percentage plotted. It
can be seen that the majority of waves propagate from
southerly directions. Similar results were obtained at BB.

Figure 4. Scatter table of Hs versus Te for 10 years of data
at Berth B, AMETS

Figure 5. Cumulative distribution of wave power at BA

Figure 6. Wave power rose at BA for 10 years
6

CONCLUSION

A resource characterization of the Atlantic Marine Test Site
was conducted using the IEC 62600:101 standard for wave
resource characterization. 10 years of modelled wave data
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produced by a high resolution SWAN wave model were
used for the assessment. The model comprised a coarse
model of the northeast Atlantic Ocean at an oceanic scale
of 0.05° resolution and a high resolution model of the
AMETS at 0.0027° resolution.
Regarding model accuracy, traditional validation
statistics obtained at Berths A and B for AMETS show a
high level of model accuracy; for example, at Berth B,
RMSE=0.59m, SI=0.21, BIAS=-0.15m and STD=1.81 were
calculated for significant wave heights. The IEC standard
requires calculation of both systematic and random error
parameters; the coarse model complied with all of the
relevant error criteria while high resolution AMETS model
complied with the majority of error criteria but slightly
exceeded the random error criteria for Hs and J. σ(ep) for
Hs was 11-12% compared to the threshold criteria of 10%
and was 26-28% for J compared to 25%. The resource
characterization which contains detailed information on sea
state occurrences and energy availability and variability
will be an extremely valuable resource for developers to
inform their device design and planning prior to testing at
AMETS.
As a final conclusion, this work evaluates the
methodology of IEC 62600:101 Ed 1. It was found that the
standard can be applied with a moderate level of effort for
creating a wave resource characterization and that the
validation procedure is much more rigorous than traditional
timeseries-based validation approaches.
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